The pulmonary arterial smooth muscle cell (SMC) cytoskeleton was studied in tissue from 36 piglets aged from within 5 min of birth to 21 d of age, and in 8 adults. An additional 16 piglets were made pulmonary hypertensive by exposure to hypobaric hypoxia (50n8 kPa) for 3 d. In conduit intrapulmonary elastic arteries α, β and γ actin, the 204, 200 and 196 kDa myosin heavy chain (MHC) isoforms and vinculin were localised by immunohistochemistry. The total actin content, the proportion of monomeric to filamentous α and γ actin and changes in the proportions of the MHC isoforms were determined biochemically. Dividing SMCs were localised and quantified using Ki-67. We found a transient reduction in immunohistochemical expression of γ actin, 204 kDa MHC isoform and vinculin at 3 and 6 d in the inner media, associated with a transient increase in Ki-67 labelling. The actin content also decreased at 3 and 6 d (P 0n05), but there was a postnatal, permanent increase in monomeric actin, first the α then the γ isoform. The relative proportions of the MHC isoforms did not change between birth and adulthood in elastic pulmonary arteries but in muscular arteries the 200 kDa isoform increased between 14 d and adulthood. Pulmonary hypertension prevented both the immunohistochemical changes and the postnatal burst of SMC replication and prevented the transient postnatal reduction in actin content. These findings suggest that rapid remodelling of the actin cytoskeleton is an essential prerequisite of a normal postnatal fall in pulmonary vascular resistance.

The pulmonary arterial smooth muscle cell (SMC) cytoskeleton was studied in tissue from 36 piglets aged from within 5 min of birth to 21 d of age, and in 8 adults. An additional 16 piglets were made pulmonary hypertensive by exposure to hypobaric hypoxia (50n8 kPa) for 3 d. In conduit intrapulmonary elastic arteries α, β and γ actin, the 204, 200 and 196 kDa myosin heavy chain (MHC) isoforms and vinculin were localised by immunohistochemistry. The total actin content, the proportion of monomeric to filamentous α and γ actin and changes in the proportions of the MHC isoforms were determined biochemically. Dividing SMCs were localised and quantified using Ki-67. We found a transient reduction in immunohistochemical expression of γ actin, 204 kDa MHC isoform and vinculin at 3 and 6 d in the inner media, associated with a transient increase in Ki-67 labelling. The actin content also decreased at 3 and 6 d (P 0n05), but there was a postnatal, permanent increase in monomeric actin, first the α then the γ isoform. The relative proportions of the MHC isoforms did not change between birth and adulthood in elastic pulmonary arteries but in muscular arteries the 200 kDa isoform increased between 14 d and adulthood. Pulmonary hypertension prevented both the immunohistochemical changes and the postnatal burst of SMC replication and prevented the transient postnatal reduction in actin content. These findings suggest that rapid remodelling of the actin cytoskeleton is an essential prerequisite of a normal postnatal fall in pulmonary vascular resistance.
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
Pulmonary vascular resistance is high in utero and only 10 % of the cardiac output perfuses the lung (Rudolph, 1974) . Normally at birth, resistance falls and blood flow increases dramatically as the vessels dilate, but when the pulmonary arterial pressure and resistance remains high after birth the pulmonary arteries remain thick walled and the lumen is narrow (Haworth, 1979 (Haworth, , 1997 . The mechanisms controlling these events have still not been elucidated. Our earlier morphological studies in the human infant suggest that the pulmonary arterial smooth muscle cells play a key role in normal adaptation (Allen & Haworth, 1988) and that led us to investigate the smooth muscle cell actin cytoskeleton during the neonatal period.
Correspondence to Professor S. G. Haworth, Vascular Biology and Pharmacology Unit, Institute of Child Health, University College London, 30 Guilford Street, London WC1N 1EH. Fax : j44 171 813 8459 ; e-mail : S.Haworth!ich.ucl.ac.uk Experimental studies on the porcine lung have shown that remodelling of the pulmonary arteries begins within the first 5 min of life Haworth et al. 1987) . The media becomes thinner from hilum to capillary bed, without there being a reduction in the amount of vascular smooth muscle. Rather, the smooth muscle cells change shape rapidly after birth and their surface : volume ratio increases as they become stretched around a larger lumen. At the same time the cells show a transient reduction in the myofilament volume density Haworth et al. 1987) . These structural changes are accompanied by rapid functional changes in the smooth muscle cells. Electrophysiological studies demonstrate changes in pulmonary arterial smooth muscle cell membrane potential and potassium current density (Evans et al. 1998 ). There is a transient postnatal reduction in contractility of pulmonary arteries (Levy et al. 1995 ; Tulloh et al. 1997) and endothelium-independent relaxation is less effective at birth than later. Both these responses mature during the 1st 2 wk of life as the pulmonary vascular resistance falls (Liu et al. 1992 ; Levy et al. 1995 ; Tulloh et al. 1997 ). In the chronically hypoxic hypertensive piglet, endothelium independent relaxation is impaired (Levy et al. 1995) and pulmonary arterial myofilament volume density is greater than normal (Allen & Haworth, 1986) .
These morphological and functional observations indicate that the pulmonary arterial smooth muscle cell cytoskeleton must undergo marked remodelling after birth in both the normal and hypoxic pulmonary vasculature. We hypothesised that during normal adaptation cytoskeletal remodelling would be associated with temporal and spatial changes in the different isoforms of actin and myosin and in the amounts of these proteins in the wall of the pulmonary arteries. Therefore in the present study, in porcine pulmonary arteries, we localised different isoforms of actin and myosin in the media using immunohistochemical techniques, measured biochemically the amount of actin and determined the proportion of the different myosin isoforms. We also hypothesised that cytoskeletal remodelling would be associated with a decrease in the stability of actin fibres and therefore determined the proportions of filamentous (F actin) and monomeric actin (G actin). Because cytoskeletal remodelling is a necessary prerequisite for cell multiplication (Alberts et al. 1994) , we determined the percentage of dividing smooth muscle cells in the vessel wall in relation to the pattern of actin, myosin and vinculin expression.
  

Experimental protocol
Piglets from Large White sows which had farrowed normally at term were killed immediately after birth and at 3, 6, 14 and 21 d of age (8 animals in each group). One group of piglets was exposed to hypobaric hypoxia (Tulloh et al. 1997 ) from birth until 3 d of age and another, following a period of normal adaptation, from 3 to 6 d of age. Each group consisted of animals taken from at least 4 different litters and all but the hypoxic animals were maternally fed. During exposure to hypoxia the piglets were fed with mashed feed and milk. In the hypobaric chamber, the internal temperature (25 mC) and light were controlled and the air pressure was maintained at 50n8 kPa. Hypoxic animals were killed immediately on removal from the hypobaric chamber. The animals received humane care in compliance with British Home Office Regulations and with the ' Principles of Laboratory Animal Care ' formulated by the National Society of Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Science and published by the National Institutes of Health (NIH publication 80-23, revised 1985) . Lung tissue was also obtained from 8 normal 9-mo-old mature animals, taken immediately after slaughter at an abattoir. The tissue taken from the piglet lungs was usually fixed within 10 min of death, the longest time interval being 30 min. Tissue from adult animals was fixed within 1 h of death.
Histological preparations
Tissue was prepared for studying the immunolocalisation of actin and myosin isoforms, the focal adhesion protein vinculin and for the study of cell replication using the nuclear antigen Ki-67. Tissue was taken from 6 to 8 animals in each age group, normal and hypoxic. Tissue blocks were taken from the left lower lobe to include the conduit elastic pulmonary artery. The blocks were embedded either in Cryo-M-Bed (Bright Instruments, Huntingdon, UK) and snap frozen in isopentane cooled by liquid nitrogen, or fixed in 10 % formol saline for 18 h and then processed into wax.
Immunohistochemistry
Wax sections. 5 µm sections were dewaxed with xylene, rehydrated and antigen unmasking was carried out by autoclaving (121 mC for 20 min) in citric acid buffer. Following blocking in 0n3% H # O # in methanol and then in serum free blocker (Dako, Cambridge, UK), sections were incubated with antibodies to actin and myosin isoforms and also to vinculin and the Ki-67 nuclear antigen expressed by dividing cells (Table) . Staining was visualised with diaminobenzidine using a biotin conjugated antimouse secondary antibody and avidin streptavidin amplification (StrepABC Complex, Dako Ltd, Cambridge, UK) and sections were lightly counterstained with Ehrlich's haematoxylin.
Frozen sections. Cryosections (10 µm thick) were mounted on slides coated with Vectamount (Vector Laboratories, Peterborough, UK). Sections were permeabilised with 0n2 % Triton-X 100 in phosphate buffered saline (PBS) for 5 min before staining and nonspecific protein binding was blocked by preincubation with 10 % goat serum in PBS plus 0n02 % bovine serum albumen (PBSjBSA), prior to incubation with primary antibodies (Table) . Following incubation for 45 min in the primary antibody, staining was visualised with a goat antimouse IgG FITC conjugate and then washed and postfixed with 4 % paraformaldehyde before mounting in Vectamount (Vector Laboratories, Peterborough, UK). The distribution of F actin was assessed in sections, fixed and permeabilised in acetone at k20 mC for 10 min, before staining with a phalloidin\TRITC conjugate, 1 µg\ml for 30 min and mounting. Stained sections were then mounted and examined using epifluorescence, and photographs were taken using Kodak TMax 3200 ASA black and white film using a standard exposure time of 30 s. In addition, digital images were acquired using a Hamamatsu C4880 Digital camera and the Improvision Openlab Cell Imaging System.
Assessment of cell multiplication. The Ki-67 nuclear antigen is expressed by cells in the G1, S, M and G2 phases but not in nondividing cells (Braun et al. 1988) . For each case, in tissue from both normal and chronically hypoxic animals (n l 5 per group), counts were made of the total number of smooth muscle cell nuclei and of the number of nuclei positive for the Ki-67 nuclear antigen in all the elastic and large muscular arteries present in 1 section of lung tissue. In the elastic arteries separate counts were made of the nuclei in the 2 innermost, subendothelial muscle cell layers and in the 2 outermost muscle cell layers. In each animal the cell counts were pooled for each type or part of an artery and the percentage of Ki-67 labelled cells calculated.
Biochemical preparations Polyacrylamide gel electrophoresis and immunoblotting
Preparation of samples. In each animal a 10 mm length of the main extrapulmonary artery, the main axial elastic intrapulmonary artery and the descending aorta were collected. In addition, several smaller muscular intrapulmonary arteries accompanying peripheral preacinar airways were taken, immediately proximal to the alveolar parenchyma. These comprised 2-3 generations of vessels which varied in diameter along their length but at all ages had an external diameter of approximately 150 µm. The arteries were dissected free of surrounding connective tissue and rinsed thoroughly in Krebs Ringer, blotted free of excess fluid, weighed, snap frozen in liquid nitrogen and stored at k80 mC. When required, the tissue samples were homogenised and extracted for 30 min, on ice, at a ratio of 4 : 1 per mg of wet tissue (extraction solution : NaCl 0n3 , NaH
, phenylmethyl-sulphonylfluoride 0n2 m, benzamidine 0n2 m, pH 6n5) and subsequently stored at k80 mC.
Electrophoresis. SDS-polyacrylamide gel electro-phoresis was carried out using the method of Laemmli (1970) with mini-slab gels (Mini-Protean II, BIO-RAD, Hemel Hempstead, UK). Separation was carried out in either 5 % or 10 % acrylamide\ bisacrylamide (29 : 1) gels. Molecular weight standards were included in every gel. In duplicate gels, 1 was stained with Coomassie blue before being photographed either using Kodak T-Max100 film or imaged through an orange filter using a CCD camera (PULNIX) and the Image Grabber program for Apple Macintosh. Proteins were transferred from the other gel onto nitrocellulose by immunoblotting. Determination of the total amount of actin. This was made using 3-4 animals in each age group. In 10 % gels, wells were loaded with a volume which corresponded to 1 mg of the original tissue sample wet weight and were run for 1 h at 200 V. In addition to the molecular weight standards, each gel also had a lane loaded with 4 µg of actin (Sigma-Aldrich, Poole, UK porcine muscle actin). A calibration curve was derived by densitometry from known weights of porcine muscle actin (1-40 µg per lane) run on identical 10 % gels. In all gels the total protein per lane was calculated from the area under the scanned curve for each lane, normalised to the standard actin lane. All individual protein peaks within all samples studied had values which lay within the linear range of this curve (see Fig. 5 a for a representative gel). For each sample, 3 lanes were run and the mean integrated area of the actin peak was used to determine the percentage content of actin in the total soluble protein extracted from the vessel walls.
Determination of the proportion of the monomeric G actin form of smooth muscle specific α and γ actin isoforms. The proportion of monomeric α actin to total α actin and of monomeric γ actin to total γ actin was determined in the elastic intrapulmonary artery of 3-4 animals per group. Each vessel was dissected free of connective tissue, then finely chopped and incubated on ice, with intermittent agitation, for 1 h in 1 ml of an extraction solution (100 m KCl, 2 m EGTA, 1 m MgCl, 0n5 % Triton-X 100 and 1 m protease inhibitors aprotinin, leupeptin and pepstatin (Dako, Cambridge, UK) containing 10 µg\ml phalloidin). This solution was designed to permeabilise cells and allow immediate ingress of phalloidin, to stabilise filamentous F actin, and permit extraction of unbound protein including monomeric actin (Shapland et al. 1988 ). The supernatant was decanted and both supernatant and permeabilised tissue were snap frozen in liquid nitrogen and stored at k80 mC until needed. A 175 µl aliquot of the supernatant was spun at 350 000 g for 90 min to sediment any F actin which had been extracted on permeabilisation. Following centrifugation the supernatant contained only G actin. The residual tissue, containing actin filaments stabilised by phalloidin, was carefully blotted free of moisture then weighed and macerated before being diluted in sample buffer to give a final concentration of 1 mg tissue in 20 µl of sample buffer. SDS-PAGE was carried out on both the supernatants and the tissue samples. Thus 3 adjacent lanes were loaded with samples from the same specimen, 10 µl of the spun (G actin only) and 10 µl of the unspun (G actin plus extracted F actin) supernatant fractions and 0n2 mg of the extract from the residual tissue (F actin only). Gels were blotted onto nitrocellulose and stained with antibodies to α and γ actin isoforms. The intensity of staining was studied using ECL chemiluminescent labelling techniques (Amersham Life Science, Bucks, UK) and densitometry.
Determination of the relative proportions of the 3 MHC isoforms. This was undertaken for extrapulmonary, elastic and muscular intrapulmonary arteries, using Coomassie blue stained 5 % gels. In these gels 3 bands at 204, 200 and 196 kDa were identifiable and were measured densitometrically using the NIH Image Program. In order to check the specificity of the MHC antibodies used for MHC isoforms in porcine tissue, a blot was made from a gel in which each of 3 wells was loaded with equal volumes of the same sample, and each lane was cut longitudinally into 2 strips. One of each pair of strips was incubated with an antibody specific for smooth muscle myosin recognising both the 204 and 200 kDa bands (h-SMV). The 2nd strip of each pair was incubated with an antibody recognising specific MHC isoforms, SM1 for the 204 kDa smooth muscle specific isoform, SMemb for a 200 kDa isoform or nonmuscle myosin for the 196 kDa isoform. Each antibody stained a single band which, when compared with the h-SMV stained strips, were seen to be specific for proteins of 204, 200 and 196 kDa respectively.

Immunohistochemical studies of the intrapulmonary arteries
The presence and distribution of cytoskeletal proteins and of F actin, in both wax and frozen sections, was assessed qualitatively in elastic arteries having 9-15 medial smooth muscle cell layers and mean external diameter 630 µm, range 240-1320 µm depending upon age. Findings were similar in both wax and frozen sections, save that the nonmuscle MHC antibody only stained the frozen sections. In normal pulmonary arteries the distribution of actin and myosin isoforms changed after birth and these changes were inhibited by exposure to chronic hypoxia. For each protein studied the expression and distribution was similar in all specimens of the same age and condition, normal or hypoxic (n l 6-8 per group).
Actin. α, β and γ actin isoforms were present in all medial smooth muscle cells in the newborn animals ( Fig. 1) . Staining for both α and γ actin (smooth muscle specific) was intense, but non-muscle β actin staining was uniform and weak in the smooth muscle cells. F actin, labelled by phalloidin, was present in all parts of the media (Fig. 2 a) . By comparison, at 3 and 6 d of age, immunostaining for α, β and γ actin was less intense than at birth (Fig. 1) . This reduction was uniform for α actin across the entire width of the media but γ actin showed a marked reduction only in the inner, adlumenal cell layers, this being more evident by 6 d of age. β actin staining was retained in the inner medial layers and reduced in the mid and outer layers (Fig. 1) . F actin staining also became less intense in the inner media at 3 and 6 d (Fig. 2 b) . By 14 d of age the intensity of α actin immunostaining had increased across the media back to the newborn levels ( Fig. 2 d ) , and all medial smooth muscle cells stained positively for γ actin and F actin. The appearance at 14 d was similar to that in the adult (Fig. 1) . At these ages expression of β actin had reduced in the inner layers and now become uniform across the entire media and weaker than in the newborn (Fig. 1) .
Following exposure to hypoxia from birth, the normal reduction in intensity of α and γ actin immunostaining by 3 d of age did not occur (Fig. 1) , and the distribution of F actin remained uniform (Fig.  2 c) . In animals first exposed to hypoxia from 3 d, after the normal postnatal reduction in immunostaining had occurred, there was more α and γ actin immunostaining than in the normal at 3 or 6 d, but less than in normal animals at birth.
Vinculin. The pattern of vinculin staining was indistinguishable from that of γ actin (Fig. 1) showing a transient reduction in inner medial layers at 3 and 6 d in normal animals. This reduction was not seen after exposure to hypoxia from birth to 3 d or from 3 to 6 d of age.
Myosin isoforms. The distribution of the 200 and 204 kDa MHC isoforms, labelled by SMemb and SM1, was similar to that of the α and γ actin isoforms, respectively. At birth smooth muscle cells in all medial layers of the elastic arteries labelled brightly and uniformly with both SMemb and SM1. SMemb data from normal animals and hatched columns data from animals exposed to hypoxia from birth or 3 d. I, standard error of mean ; *, P 0n05 between normal and hypoxic animals of the same age ; TP 0n05 between normal animals of different ages ; **P 0n05 between hypoxic animals and normal animals of the age at which exposure to hypoxia commenced. staining was retained across the full width of the normal media throughout life. However, the immunostaining for SM1 showed a transient reduction in the inner medial smooth muscle cell layers at 3 and 6 d (Fig. 3 a) , and by 14 d of age and in the adult was strongly stained and evenly distributed in all medial smooth muscle cells. Throughout life, non-muscle myosin 196 kDa was weakly expressed in smooth muscle and endothelial cells of elastic arteries. In vessels from animals exposed to hypoxia from birth to 3 d uniform staining for SM1 was retained across the media (Fig. 3 b) . In animals exposed to hypoxia from 3 to 6 d of age, SM1 was present in all medial cell layers, and therefore expression was greater than the normal at 3 and 6 d of age.
Smooth muscle cell multiplication : Ki-67 labelling. The percentage of smooth muscle cell nuclei stained with Ki-67, was studied in elastic arteries and in large muscular arteries (having 4-5 medial smooth muscle cell layers, mean external diameter 149n8 µm, range 108-330 µm) and comparisons were made using 1 way analysis of variance (ANOVA).
In elastic and muscular vessels the percentage of multiplying smooth muscle cells was significantly greater during the first 2 wk of life than in the adult (Fig. 4 a, b) . There was a transient postnatal increase in the percentage of labelled nuclei at 3 and 6 d in elastic arteries (Fig. 4 b, P 0n01) . This increase was greatest in the inner 2 medial layers of the elastic arteries at 6 d of age, the region showing the greatest change in immunocytochemical labelling after birth. There was no transient increase in labelling of muscular arteries. Exposure to chronic hypoxia from birth or from 3 d of age reduced the number of dividing cells in comparison with the normal for age in both elastic and large muscular arteries (P 0n05) (Fig. 4 a, c) .
Biochemical studies
Actin content of vessel walls. The amount of actin expressed as a percentage of total protein extracted from the vessel wall was compared in extrapulmonary, elastic and muscular intrapulmonary arteries and the aorta using 1 way ANOVA.
The actin content was similar in all vessels at birth (Fig. 5 b) and in all showed a transient decrease at 3 or 6 d of age (Fig. 5 b, P 0n01-0n03) . The content changed less in the aorta than in the pulmonary arteries. Between 14 d and adulthood, the actin content increased in all vessels save the muscular intrapulmonary arteries and was significantly greater than in the newborn (Fig. 5 b, P 0n01-0n05) . The mean actin content in the pulmonary arteries of animals exposed to hypoxia from birth was greater than in the normal 3 d old, suggesting that hypoxia had prevented the normal postnatal reduction in actin from taking place (extrapulmonary P 0n001, elastic ns, muscular P 0n01) (Fig. 5 c) . Exposure to hypoxia from 3 to 6 d did not result in a significant change in actin content (results not shown).
Proportion of monomeric α actin and γ actin in elastic intrapulmonary arteries. In this study tissue was examined from newborn, 3-d-old and 21-d-old animals and from animals exposed to hypoxia from birth to 3 d. 21-d-old animals were used because the ultrastructural appearance of the smooth muscle cells in the large intrapulmonary arteries at this age is similar to that in the adult but there is considerably less fixed connective tissue, which interferes with the G actin extraction, than in the adult . For each isoform, the amount of monomeric G actin in the extracted, spun supernatant was expressed as a percentage of total α or γ actin. For each isoform comparisons were made between animals of different ages using 1 way ANOVA. The total amount of actin was the sum of actin from the residual tissue and from the unspun supernatant.
At all ages there was a greater percentage, in monomeric form, of α than γ actin (Fig. 6 a, b) . Between birth and 3 d there was an increase in the percentage of monomeric α actin (P 0n05) while the percentage of monomeric γ actin increased between 3 and 21 d of age (P 0n05). Exposure to hypoxia did not change the percentage of monomeric α actin. The mean amount of γ actin was greater than normal, but there was no statistically significant change.
Proportion of different MHC isoforms. The relative proportions of the 204, 200 and 196 kDa MHC isoforms were compared in extrapulmonary, elastic and muscular intrapulmonary arteries using 1 way ANOVA.
At all ages, Coomassie blue stained 5 % gels of extrapulmonary arteries showed 2 bands having molecular weights of 204 and 200 kDa, and a 196 kDa peak which could not be resolved clearly from the 200 kDa peak (Fig. 7 a) although this band was visible in immunoblots (Fig. 7 c) . By contrast, Coomassie stained gels of elastic and muscular intrapulmonary arteries showed 3 bands at all ages (Fig. 7 b) . The relative proportions of these MHC 204 : 200 : 196 kDa isoforms was 39n8:60n2 : 0 in the extrapulmonary arteries, and 51n5:39n4:9n1 in the elastic intrapulmonary arteries and did not change with age from birth to adulthood. By contrast, in the muscular intrapulmonary arteries the ratio was 47n8:34n7:17n5 at birth, and changed transiently at 6 d to 41n8: 29n8:28n4, the proportion of the 196 kDa MHC isoform being higher then than at any other age (P 0n05). At 14 d of age the ratio was similar to that seen at birth. But in the adult the ratio in these muscular vessels was 28n6:51n0:20n4, showing an increase in the proportion of 200 kDa MHC (P 0n05) and reduction in 204 kDa MHC (P 0n05).

The present study shows that the postnatal changes in pulmonary blood pressure and flow are associated with rapid remodelling of the actin cytoskeleton of pulmonary arterial medial smooth muscle cells. For the first time both immunohistochemical and bio-chemical studies have been carried out on lung tissue taken from the same infant animals as they adapted to extrauterine life. These studies were complementary. Biochemically, there was a transient postnatal reduction in the amount of actin and simultaneously, immunohistochemical examination showed a reduction in α actin and region-specific changes in other actin isoforms. This work extends our earlier ultrastructural studies which showed a rapid, postnatal reduction in smooth muscle cell myofilaments, most apparent in the inner media . The present immunohistochemical studies also localised much of the change taking place in the actin cytoskeleton of the conduit arteries to the inner medial smooth muscle cells. These cells showed a marked transient reduction in immunostaining for smooth muscle specific γ actin, the SM1 MHC isoform and the focal adhesion protein vinculin, associated with a reduction in filamentous actin in the same region of the media. By contrast, β actin immunostaining decreased initially in the outer medial layers and the reduction in α actin, the major contractile protein in vascular smooth muscle, appeared uniform across the media. These transient changes affected regions of the vessel wall rather than isolated groups of cells, suggesting that environmental changes, possibly mechanical resulting from the increase in blood flow at birth, influenced all the smooth muscle cells within a region, rather than those of a specific phenotype (Owens, 1995) . That most of the changes we found may be a necessary prerequisite to a normal fall in pulmonary arterial pressure after birth is suggested by their absence in neonatal hypertension, following exposure to chronic hypobaric hypoxia.
The immunocytochemical studies showed a transient reduction, in the same region of the vessel wall, of both γ actin and the 204 kDa MHC isoform labelled with the antibody SM1. Cosegregation of these isoforms has previously been described in the smooth muscle cells of the urinary bladder (Chacko & Longhurst, 1994) . The present study was not designed to examine the intracellular location of the actin and myosin heavy chain isoforms, but subcellular sorting of isoactins in cultured pericytes (Herman, 1993) restricted the location of α actin to stress fibres, and immunolocalisation studies of chicken gizzard showed colocalisation of α and γ isoforms on myosin containing contractile regions (North et al. 1994) . Our findings of a transient reduction in immunostaining for α and γ actin, vinculin and for filamentous actin by phalloidin immunostaining, considered together with the earlier ultrastructural observations of a reduction in contractile myofilament volume density indicate a transient postnatal loss of actin stress fibres predominantly in the inner media. This region of the media did not show a reduction in β actin. β actin is associated with the cell membrane (Hoock et al. 1991 ; Herman, 1993) , and over-expression of β actin in C2 myoblasts in vitro leads to loss of stress fibres and cell spreading with an increase in cell surface area (Herman, 1993) . A reduction in stress fibres has been associated, in vitro, with changes in systemic arterial smooth muscle cell shape (Birukov et al. 1993 ; Herman, 1993) . This could also be true of the pulmonary arterial smooth muscle cells as the pulmonary circulation adapts to extrauterine life.
Complementing the structural findings, the biochemical studies showed a transient postnatal reduction in the amount of actin, which might relate to the postnatal changes in cell shape as the cells become stretched around a larger lumen Haworth et al. 1987) . The actin content of cultured smooth muscle cells decreases when the cells change shape and move (Haller et al. 1995) . Actin assembly is partly controlled by extracellular signals such as stretch, adhesion to the extracellular matrix and growth factors, many of which are sequestered in the matrix (Wilson et al. 1995 ; ChrzanowskaWodnicka & Burridge, 1996 ; Dinbergs et al. 1996 ; O'Reilly et al. 1997) . Linking the actin cytoskeleton to the extracellular matrix are the focal adhesion plaques, of which vinculin is a major component. In the present study, the transient loss of vinculin immunostaining at 3 and 6 d of age was spatially associated with a reduction in phalloidin labelled filamentous actin. This, considered together with our finding a postnatal increase in monomeric α actin, indicates that some actin depolymerisation accompanies a transient breakdown in the focal adhesion plaques and a change in the relationship between cell and matrix. The postnatal increase in monomeric actin could also reflect de novo actin synthesis. Actin depolymerisation is known to reduce actin viscosity in vitro (Moon & Drubin, 1995 ; Carlier et al. 1997) and when the actin cytoskeleton of adult porcine intrapulmonary arteries is depolymerised by cold exposure the vessels become more readily distensible (Hall & Haworth, 1996) . The functional effect of the cytoskeletal changes in newborn pulmonary arteries is probably to make the vessel wall more distensible as the pulmonary blood flow increases suddenly after birth. A similar, although less marked, transient postnatal reduction in actin content occurred in the descending aorta which is also exposed postnatally to changes in blood flow as the placenta is withdrawn from the systemic circulation. Systemic vascular resistance increases and blood pressure increases within the first 12-24 h of life.
Biochemical studies may be less sensitive than structural studies. Structural changes in the distribution of the 204 kDa MHC isoform were observed in elastic pulmonary arteries, but biochemically there was no shift in the proportion of MHC isoforms. Unlike systemic arteries (Kocher et al. 1985 ; Eddinger & Murphy, 1991) , the proportion of the 200 kDa MHC isoform in the proximal pulmonary arteries was as high at birth as in the adult, indicating that in this respect the pulmonary arteries are more mature at birth than the systemic arteries. However, the muscular vessels showed maturational changes between 14 d of life and adulthood as the proportion of the 200 kDa MHC isoform increased. Since the respiratory unit arteries increase in size and number as new vessels form alongside new alveoli during the first months of life these muscular arteries undergo considerable remodelling during this period (Haworth & Hislop, 1981) .
Pulmonary arterial smooth muscle cell replication was high at birth in the pig, as in the bovine lung (Belknap et al. 1997) , but in addition we found that birth was followed by a burst of cell replication. This was most marked in the inner media at the time of cytoskeletal reorganisation. In culture, replication of systemic smooth muscle cells is associated with dedifferentiation, and loss of smooth muscle cell specific actin and myosin isoforms, a process which is reversed when cell replication ceases (Eddinger & Murphy, 1991 ; Grainger et al. 1991 ; Ye & Rabinovitch, 1991 ; Pauly et al. 1992 ; Birukov et al. 1993) . Interpreting our data in the light of the in vitro findings suggests that birth is followed by transient smooth muscle cell dedifferentiation in conduit pulmonary arteries. The physical environment of the vessel wall changes abruptly at birth and cell cycle progression can be influenced by signals from the extracellular matrix which transmit mechanical information via focal adhesion integrins to the cytoskeleton (Osol, 1995 ; Ingber, 1997 ; Mills et al. 1997) .
In the present study we demonstrated that the postnatal increase in Ki-67 nuclear labelling was spatially and temporally associated with a reduction in immunostaining for the focal adhesion protein vinculin. Vinculin is thought to affect cell proliferation. Antisense-mediated depletion of vinculin allows for anchorage-independent growth of NIH-3T3 cells and over expression of vinculin in transformed cells inhibits their ability to multiply (Rodriguez Fernandez et al. 1993 ).
Exposure to chronic hypobaric hypoxia in the neonatal period had an inhibitory effect on postnatal pulmonary arterial remodelling. Rather than there being a transient reduction in actin content, vessels from animals exposed to hypoxia from birth showed an increase in actin content and there was no transient reduction in immunostaining for actin, myosin or vinculin. But the proportion of monomeric α actin increased normally during hypoxic exposure, from birth to 3 d of age, indicating that depolymerisation was occurring while the total actin content increased. Hypoxia therefore led to abnormalities in the regulation of actin metabolism in the newborn rather than simply inhibiting normal adaptation. The outcome was different, depending upon the age at which the animals were first exposed to hypoxia. When exposure began at 3 d of age, there was less γ actin and SM1 immunostaining than at birth and more than was normal at 6 d, suggesting that remodelling had begun normally and then been modified by hypoxic exposure. These age-related observations are reflected in functional studies in which isolated elastic arteries taken from piglets made hypoxic from birth retain the contractile and relaxant responses seen in the newborn while vessels from animals made hypoxic from 3 d of age show a reversal from the 3 d old to the newborn pattern (Tulloh et al. 1997) .
We found that exposure to chronic hypoxia from birth, or from 3 to 6 d, prevented the normal postnatal burst in cell replication. The reduction in multiplication is in keeping with the smaller lumen diameter of the conduit arteries seen at postmortem arteriography of the newborn hypoxic porcine lung, even when the vessels are maximally distended (Haworth & Hislop, 1982) . But newborn calves exposed to chronic hypobaric hypoxia showed an increase in smooth muscle cell replication (Belknap et al. 1997) . The newborn's response to hypoxia may vary according to the severity and duration of the hypoxic insult and the time at which exposure occurs. Certainly the structural type and size of the pulmonary artery examined is critical. We found an increase in cell replication in the small muscular pulmonary arteries of hypoxic newborn piglets (unpublished observations).
In conclusion, the actin cytoskeleton of the pulmonary arterial smooth muscle cells in the conduit pulmonary arteries is rapidly remodelled immediately after birth and this process is arrested and modified when the pulmonary arterial pressure remains high. Clarifying the regulation of actin dynamics and replication in these cells is an exciting challenge. We need to understand the molecular mechanisms controlling the coordination between the expression of smooth muscle cell differentiation genes and the environmental cues which, acting in concert, determine smooth muscle differentiation, dedifferentiation and proliferation.
